1 During stress all cells must maintain proteome quality while sustaining critical processes 2 like DNA replication. In bacteria, the Lon protease is the central route for degradation of 3 misfolded proteins. Here, we show that in Caulobacter crescentus Lon controls dNTP 4 pools during stress through degradation of the transcription factor CcrM. We find that 5 elevated dNTP/NTP ratios in ∆lon cells protects them from deletion of otherwise essential 6 dTTP-producing pathways and shields them from lethality of hydroxyurea, known to 7 catastrophically deplete dNTPs. Increased dNTP production in ∆lon results from higher 8 expression of ribonucleotide reductase driven by increased CcrM. We show that misfolded 9 proteins can stabilize CcrM by competing for limiting protease and Lon-dependent control 10 of dNTPs improves fitness during protein misfolding conditions. We propose that linking 11 dNTP production with the availability of Lon allows Caulobacter to maintain replication 12 capacity when misfolded protein burden increases, such as during rapid growth or 13 unanticipated proteotoxic stress.
Introduction

26
Protein quality-control (PQC) proteins such as chaperones and proteases are essential to 27 protect cells from the harmful effects of protein misfolding or unfolding (Bukau et al., 2006;  28 While DdcdDlon strains die upon reintroduction of Lon, addition of dTTP to the media 140 restores viability (Figure 3 B) , as does the addition of dUTP, an intermediate of DCD-141 dependent dTTP formation. Other dNTPs do not restore viability (Fig S4) . Addition of 142 exogenous dTTP also prevents the terminal cell filamentation normally seen when Lon is 143 restored to DdcdDlon (Figure 1 C) . We conclude that wildtype cells cannot tolerate a loss 144 of DCD because they cannot maintain appropriate levels of dTTP production in the 145 absence of this pathway.
147
Dlon have elevated RNR synthesis and activity 148
Because Dlon strains exhibit elevated dTTP levels that allows them to tolerate loss of 149 DCD, we reasoned that other pathways for dNTP production may be upregulated in the 150 absence of Lon. Consistent with this reasoning most deoxynucleotide metabolites are 151 8 higher in the absence of Lon (Figure 2 A) . In all cells, ribonucleotide reductase (RNR) 152 generates dNTPs from ribonucleotides and RNA-seq experiments showed increased 153 expression of both RNR subunits (NrdA, NrdB) in the Dlon strain, but no significant change 154 in other enzymes related to dTTP production (Figure 4 A) . Interestingly, we had previously 155 found that although ∆lon strains are generally very sensitive to DNA damaging agents (Figure 4 B) . Because hydroxyurea is known to be a direct inhibitor of 158 RNR, our findings that RNR is elevated in ∆lon provides a simple explanation for this 159 result. This finding also provides a useful chemical probe to indirectly assess RNR activity 160 using tolerance to hydroxyurea as a proxy.
162
Consistent with a protective role for elevated RNR in hydroxyurea resistance, 163 overexpression of NrdA (encoding the alpha subunit of RNR), makes wildtype cells more 164 resistant to hydroxyurea (Figure 4 B) . If increased RNR levels in the Dlon strain are 165 sufficient to explain DCD dispensability, overexpression of subunits should also support 166 DCD deletion in otherwise wildtype cells. To test this, we deleted DCD in cells 167 overexpressing NrdA and found that these strains are viable, but die when NrdA levels 168 are lowered to normal unless additional dTTP is supplied (Figure 4 C) . Taken together, 169 these data show that the elevated RNR activity in Dlon is sufficient to provide both 170 protection against hydroxyurea and dispensability of DCD.
172
Stabilization of the Lon substrate CcrM transcriptionally upregulates RNR
173
Next, we explored the mechanism by which Lon controls RNR activity using RNA-seq.
174
Because Lon is a protease, we considered the possibility that Lon degrades a 175 transcriptional activator that controls RNR expression. Two known substrates of Lon, affect RNR expression in C. crescentus ( Figure 4A ). CcrM is an adenine 180 methyltransferase that methylates promoter regions in a cell cycle dependent manner 181 (Kozdon et al., 2013; Wright et al., 1996) . A global analysis found that the promoter region 
187
We next tested if elevated CcrM underlies the resistance of ∆lon to hydroxyurea. As 188 predicted by our model, overexpression of CcrM in wildtype cells increased hydroxyurea 189 resistance similar to that observed in ∆lon (Figure 4 B) . In addition, CcrM overexpression 
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We first tested whether misfolded proteins could compete for CcrM degradation using a 
216
Because stabilization of CcrM leads to hydroxyurea resistance due to increased RNR 217 activity, we next asked whether increased PQC stress could also lead to similar effects 218 due to titration of Lon activity by misfolded proteins. Interestingly, when wt cells were 219 grown at 37°C compared to 30°C there was a marked increase in hydroxyurea resistance nrdA::Pxyl-nrdA strain. We found that at 30˚C, both wildtype and nrdA::Pxyl-nrdA strains 241 competed equally well. However, at 37˚C there was a defect in competitive fitness of the 242 nrdA::Pxyl-nrdA strain (Figure 6 B) . This defect became more pronounced when levels of 243 nrdA were reduced showing even stronger fitness defects upon comparing 30˚C vs 37˚C.
244
We conclude that stabilization of CcrM upon titration of Lon by PQC stress (misfolded 245 proteins) modulates dNTP pools which is important for adaptation to that stress. 
267
In this study, we found that levels of dNTPs are governed by Lon dependent degradation 268 of the DNA adenine methyltransferase CcrM and that this regulation is especially 269 important during conditions which increase the misfolded protein burden (Figure 7) . We 270 used transposon sequencing to broadly identify genetic interactions with the loss of Lon.
271
One of the strongest of these synthetic interactions was that the normally essential dCTP 272 deaminase was now dispensable in ∆lon. Metabolomic profiling showed that overall levels 273 of dNTPs are elevated in ∆lon, including dTTP, the terminal product of dCTP deamination.
274
Consistent with this, dCTP deaminase could be deleted in otherwise wildtype cells by 275 adding dTTP exogenously. We linked the higher dNTP production in ∆lon to an increase 276 in ribonucleotide reductase expression driven by stabilization of the transcription factor 277 CcrM, a known Lon substrate. The increased ribonucleotide reductase in ∆lon is 278 consistent with the exceptional resistance of these strains to hydroxyurea, a result that 279 13 was originally confusing to us given the extreme sensitivity of ∆lon to many other DNA 280 damaging stresses ( Figure S5 ) (Zeinert et al., 2018) . We found that this increased 281 resistance to hydroxyurea was also seen in wildtype strains during protein misfolding 282 conditions, suggesting that competition for a limited pool of protease could result in 283 increased stability of Lon substrates during stress. Indeed, Lon degradation of CcrM can 284 be titrated away by misfolded proteins both in vitro and in vivo. We propose that this 285 competition mechanism allows cells to flexibly respond to a variety of many protein 286 damaging conditions by activating CcrM dependent pathways, such as increased dNTP 287 pools, sensed through the increased burden on Lon.
289
Why would an increased dNTP pool be beneficial during stress conditions? We speculate 290 that this would be most useful when increased protein synthesis results in increased 291 misfolded protein burden, such as we see with rapid growth at elevated temperature. It is 292 also possible that this circuit plays an important role when Lon substrates other than 293 misfolded proteins are upregulated, such as during DNA damage or oxidative stress. For
294
DNA damage it is interesting to consider that sufficient dNTP levels are important for 295 fueling the cycles of repair/replication needed to fix most types of DNA defects.
297
Titrating activity of limited PQC proteins is an elegant strategy for cells to respond to the 298 products of stress conditions rather than the specific initiating signal. In bacteria, the heat 299 stress sigma factor sigma32 is bound to the DnaK chaperone and is thought to be released 
312
The work we have presented here is a natural biological circuit that integrates a variety of 313 protein stresses through titration of the Lon protease to ensure cell fitness during these 314 conditions. Given the conservation of Lon in bacteria and its general ability to recognize 315 misfolded proteins, we suspect that that similar connections will exist between PQC and 
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See also Figure S5 and Table S3 . 
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Strains were grown to exponential phase before being serially diluted 10-fold and 791 spotted onto media supplemented with 0.2% xylose for nrdA induction, with or without 5 792 mM hydroxyurea (HU). Plates were then grown for 2 days at 37˚C or 3 days at 30˚C 793 before imaging. 
